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Neural synchronization plays an important role in information flow in the nervous system under healthy and
pathological conditions. In this issue of Neuron, Gittis et al. show that reorganization of striatal microcircuits
promotes synchronous activity and may underlie the pathological network oscillations at the root of motor
symptoms described in Parkinson’s disease.The functional synchronization of neu-
ronal activity in a normal brain has been
compared to the coordination of instru-
ments in an orchestra. The ultimate output
of these neuronal interactions, in this
analogy, could be compared to a sym-
phony. For a symphony to be harmonious,
each musician in the orchestra needs to
play his or her part in tune with the rhythm,
synchrony, and tone of the rest of the
participants. In an analogous manner, for
the brain to function properly, the right
speed, volume, rhythm, and synchroniza-
tion of information flow within circuits is
crucial. In healthy individuals, synchrony
across groups of neurons is required to
accurately analyze and propagate the
information in a reliable manner. In con-
trast, synchronization across large popu-
lations of neurons is sometimes the
hallmark of dysfunction in the central
nervous system. Indeed, in Parkinson’s
disease (PD), synchrony between large
populations of medium spiny neurons
(MSNs) in the dorsal striatum can underlie
striatal dysfunction that interferes with
proper signal propagation throughout
the basal ganglia. Two distinct pathways
connect the striatum to the basal ganglia
output structures, the direct and the indi-
rect pathways (Figure 1). The direct path-
way striatal neurons derive their name
because they synapse directly onto out-
put neurons in the globus pallidus internal
segment (GPi)/substantia nigra reticulata
(SNr), whereas the indirect pathway
neurons synapse on the external globus
pallidus (GPe) and the subthalamic
nucleus (STN) before innervating these
output nuclei. As such, these pathways766 Neuron 71, September 8, 2011 ª2011 Elact in opposite manners, with direct
pathway neurons facilitating movement,
whereas the indirect pathway neurons
decrease movement. MSNs that project
in the direct pathway express D1-recep-
tors and MSN projecting in the indirect
pathway express D2-receptors. The di-
rect and indirect pathways act in concert
to regulate motor control handled by the
basal ganglia, and dopamine (DA) release
in the striatum differentially regulates the
output of these two pathways. Degenera-
tion of DA neurons in PD results in an
imbalance between those two pathways,
leading to a variety of motor symptoms
in PD (Figure 1).
In this issue, Gittis et al. (2011) describe
a constellation of findings that illustrate
a novel mechanism whereby dopamine
depletion alters neuronal activity and syn-
chronization in the basal ganglia in PD.
First, Gittis and colleagues examined the
connectivity of fast-spiking interneurons
(FS) onto D1 and D2-MSNs using paired
recordings in striatal slices from control
and 6-OHDAdepletedmice. They showed
that the synaptic connection between FS
and D1 MSNs was not changed after DA
depletion, whereas an increase in the
probability of finding a synaptic connec-
tion between FS and ‘‘indirect pathway’’
D2 MSNs was observed 3 days after DA
depletion. The authors also showed that
there was no change in the properties of
inhibitory postsynaptic currents (IPSCs)
in MSNs, suggesting that postsynaptic
GABA receptors at FS-MSN synapses
were unaltered following DA depletion.
One explanation for increased FS-MSN
synaptic connectivity is the formation ofsevier Inc.new synapses or unsilencing pre-existing
synapses (Fo¨ldy et al., 2007). By pharma-
cological manipulations, the authors
nicely showed that DA levels in slices do
not exert a silencing effect at FS-MSN
synapses, suggesting that it is therefore
more likely that new synapses might be
formed after DA depletion. To begin to
determine whether DA depletion may
indeed promote new synapse formation,
the authors examined FS axonal and
dendritic morphology. FS axonal arbors
are more complex and dense after DA
depletion, supporting the hypothesis
that FS axons form new synapses onto
D2 MSNs. Immunostaining experiments
further confirmed that the increase in
synaptic connectivity between FS and
D2 MSNs after DA depletion is mediated
by the development of FS axons and
formation of newFS inhibitory presynaptic
terminals onto D2 MSNs. These morpho-
logical changes in FS-D2 MSN connec-
tivity correlate with functional changes in
synaptic strength, where DA depletion re-
sulted in a 2-fold increase in mIPSC
frequency selectively onto D2 MSNs.
Interestingly, the physiological findings
suggest that these changes in synaptic
strength, which were found to persist up
to onemonth after DA depletion, probably
reflect the formation of new FS-MSN
pairs, rather than the strengthening of
synapses between pairs of pre-existing
FS-MSN neurons. Finally, using a simple
network modeling, Gittis and colleagues
were able to show that such increased
feedforward inhibition from FS onto D2
MSNs is sufficient to enhance synchrony
in the D2 MSN population.
Figure 1. Change in Basal Ganglia Organization in Parkinson’s Disease
In normal state (left), the direct pathway facilitates movement by decreasing the tonic inhibition of basal ganglia outputs to the thalamus, while the indirect
pathway suppresses movements by increasing the inhibitory pathway. Dopamine (DA) release in the dorsal striatum from the substantia nigra pars compacta
induces an excitation in the direct pathway via activation of dopaminergic D1 receptors and an inhibition in the indirect pathway via D2 receptors, thereby facil-
itating movement. In Parkinson’s disease (right), degeneration of dopaminergic neurons from the substantia nigra pars reticulata induces hyperactivity in indirect
pathway and reduces activity in the direct pathway. This imbalance results in inhibition of voluntary movement, probably by enhancing synchronous activity in
downstream targets; abnormal activity of STN and GPi emerge, resulting in a high inhibition of thalamic activity. Adapted from Alexander and Crutcher (1990).
Blue arrows: inhibitory projections; red arrows: excitatory projections; gray arrows correspond to degeneration of dopaminergic output from the SNc.
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PreviewsIf large numbers of neurons are syn-
chronized, regular oscillations can be ob-
served. One type of oscillation that seems
to be dysfunctional in PD is b-oscillations,
correlated with bradykinesia, or the
slowing of movements. The presence of
b-oscillations in the STN and GPe are
pathological and represent abnormal syn-
chrony among neurons (Bevan et al.,
2002; Brown 2007; Mallet et al., 2008).
A recent study has shown that the patho-
logical b-oscillations have a striatal origin
(McCarthy et al., 2011). However, the
computational model presented by Mc-
Carthy and colleagues did not take into
account external and internal inputs from
intrastriatal FS interneurons. Neverthe-
less, as pointed out by Gittis and col-
leagues, yet to be identified changes
besides increased innervations of D2
MSNs by FS in the striatal circuitry might
also contribute to the enhanced syn-
chrony of D2 MSNs, which would further
disrupt output structures by subsequentlyincreasing their synchronization. For
example, changes can occur such as the
alteration of the expression of LTP
and LTD in the striatum (Calabresi et al.,
2007; Kreitzer and Malenka 2008; Shen
et al., 2008), changes in cholinergic
signaling (Ding et al., 2006), or changes
in GABAergic interneurons other than the
FS neurons (Dehorter et al., 2009). In any
case, an imbalance between D1 and D2
pathways, resulting from degeneration of
DA neurons, could at least in part account
for the abnormal hyperactivity of the STN
and the GPi (Figure 1). This aberrant regu-
lation manifests as motor impairments
characteristic of PD.
Many previous studies have focused
on the altered synaptic plasticity in the
direct and indirect pathway, showing dys-
regulation of the expression of LTP and
LTD in dopamine-depleted animals (Cala-
bresi et al., 2007; Shen et al., 2008). Those
studies focused primarily on the altered
firing rate of neurons comprising the basalNeuron 71, Sganglia circuit. As presented here, Gittis
and colleagues provide new findings that
highlight mechanisms that could be more
functionally relevant than changes in firing
rate. As shown previously, a reorganiza-
tion of network activity can take place
even with a small change in firing rate.
Thus, an increase in synchronized activity,
as proposed here, can induce drastic
modifications in the function of target
structures (Burkhardt et al., 2007; Mallet
et al., 2008). In the early stages of the
disease, dopamine depletion will induce
some compensatory changes such as
a decrease in DA inactivation, an increase
in D2 receptors, and an increase in DA
synthesis in the remaining terminals. Gittis
and colleagues showed that besides
compensatory neurochemical alterations,
long-lasting changes in the organization of
the FS-D2 MSN network also occurs after
striatal DA depletion.
In summary, the model advanced by
these findings therefore posits thateptember 8, 2011 ª2011 Elsevier Inc. 767
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Previewsdiminished levels of dopamine in the stria-
tum leads to hyperactivity of indirect-D2
containing MSNs and hypoactivity of
direct-D1 containing MSNs, inducing an
imbalance. Thus, reduced level of dopa-
mine could be sufficient to increase FS-
MSNs network actions within the indirect
pathway generating an increase of the
inhibition of D2 MSNs. However, the
authors raised two important consider-
ations. First, it is likely that DA depletion
leads to a change in firing rate and firing
pattern in basal ganglia structures. How-
ever, little is known about the long-term
effect of DA depletion on the basal ganglia
microcircuits. Although Gittis and col-
leagues show that FSmicrocircuits switch
their functional connectivity from D1
MSNs, which predominate under normal
conditions (Gittis et al., 2010), to D2
MSNs after DA depletion, how this reor-
ganization of the striatum affects the
function of target structures remains to
be elucidated. The authors present a
reasonable and simple model whereby
the enhanced FS-D2 MSN connectivity768 Neuron 71, September 8, 2011 ª2011 Eland D2 MSN synchrony subsequently
increases synchrony in downstream
structures such as the STN and the GPe.
Although in vitro preparations as used
here present some limitations, as afferent
processes may be partially severed, this
study by Gittis and colleagues is none-
theless particularly provocative, and will
probably open new doors for in vivo
studies of target-specific reorganization
of FS connectivity in intact animals.REFERENCES
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Among the thousands of new neurons that integrate into the adult olfactory bulb each day, 50% are
eliminated through apoptosis. In this issue of Neuron, Yokoyama et al. take steps toward deciphering the
behavioral contexts that regulate newborn cell elimination.Everybody has experienced the joy of
digging with relish into their preferred
meal. You enjoy every crumb and then,
with a satisfied smile, you stretch and
yawn. Before you know it, you feel drowsy
and decide to take a quiet nap. Drowsi-
ness is a subjective state that is commonly
experienced following eating. After food
consumption, a combination of blood-
transported endocrine/metabolite factorsand gastrointestinal feedback innervation
to the brain contributes to postprandial
drowsiness. However, the adaptive value
of a postprandial sleep, if any, remains
elusive and has been a focus of intense
research in recent decades. While we all
crave a good night’s sleep (as testified by
the lucrative market of sleeping pills), the
reason why we spend about one-third
of our life still and almost immobile is stilla mystery. To provide some clues for
this apparent conundrum, neuroscientists
have studied the function of sleep in many
animals from flies to humans. Many of
these studies have pointed to potential
link between sleep need and neural plas-
ticity (Cirelli and Tononi, 2008). In partic-
ular, a common target across species,
and across brain regions, seems to be
the synaptic strength which increases
